The mechanism, physiological relevance and evolutionary implication of selective RNA processing and stabilization (SRPS) remain elusive. Here we report the genome-wide maps of transcriptional start sites (TSs) and post-transcriptional processed sites (PSs) for Clostridium cellulolyticum. The PS-associated genes are preferably associated with subunits of heteromultimeric protein complexes, and the intergenic PSs (iPSs) are enriched in operons exhibiting highly skewed transcript-abundance landscape. Stem-loop structures associated with those iPSs located at 3 0 termini of highly transcribed genes exhibit folding free energy negatively correlated with transcript-abundance ratio of flanking genes. In the cellulosomeencoding cip-cel operon, iPSs and stem-loops precisely regulate structure and abundance of the subunit-encoding transcripts processed from a primary polycistronic RNA, quantitatively specifying cellulosome stoichiometry. Moreover, cellulosome evolution is shaped by the number, position and biophysical nature of TSs, iPSs and stem-loops. Our findings unveil a genome-wide RNA-encoded strategy controlling in vivo stoichiometry of protein complexes.
M
any genes on genomes encode subunits of protein complexes, which carry out essential cellular activities or perform specialized functionality (for example, the cellulosomes that degrade cellulose 1 or the photosystem complexes that harvest light 2 ). In bacterial genomes, these genes are frequently organized as an operon, which is an efficient means to regulate transcription of multiple genes simultaneously. However, to create and maintain appropriate stoichiometry, functional complexes usually require accurate control of the relative abundance of subunit-encoding transcripts 3 . To resolve the potential conflict between the equimolar stoichiometry of transcripts within an operon and the non-equimolar stoichiometry of subunits frequently necessitated, one strategy employed by the cell is selective RNA processing and stabilization (SRPS) 4 , where the primary mRNA transcribed as an operon is processed by nucleases into segments first and then variation in stability among the segments contribute to differential gene expression 4 .
SRPS was reported for a number of Gram-negative bacterial operons that mostly encode protein complexes, such as papA-I 5 , malEFG 6 , CFA-I 7 , unc 8 , ars 9 , ftsA-Z 10 and LEE4 (ref. 11) in Escherichia coli, and rxcA 12 and puf 13 in Rhodobacter capsulata. For most of the E. coli cases, the processing is initiated via a primary endonucleolytic cleavage by RNase E, a single-stranded, nonspecific endonuclease with preference for cleaving A/U-rich sequence 14 . Stability of the processed RNA can be influenced by factors such as the overall degree of translation, polyadenylation of mRNA 3 0 termini, regulatory proteins and structural elements proximal to the 5 0 or 3 0 termini 15 . For example, 5 0 stem-loops or 3 0 intrinsic transcription terminators can significantly influence mRNA stability 14, 16 . However, transcript-level heterogeneity among genes encoded within a single operon can also be caused by changes in operon structures or alternative transcriptional start sites (TSs; for example, in Mycoplasma pneumonia 17 and Anabaena 18 ). Therefore, it is not yet clear, at the genome-wide scale, how structure and function of the characteristic transcriptome of SRPS are dynamically regulated. Moreover, the global physiological roles of SRPS remain speculative, and whether the mechanism conveys specific competitiveness to the organism is not clear. Furthermore, on a macroscopic temporal scale, whether and how SRPS is implicated in organismal evolution are unknown. Finally, although Grampositive and Gram-negative bacteria appear to employ distinct molecular machineries for SRPS 19 , experimental evidence for SRPS has been absent in Gram-positive bacteria (except for the gapA operon in Bacillus subtilis 20 ) . Clostridium cellulolyticum, an anaerobic, mesophilic and cellulolytic Gram-positive bacterium, is one research model organism for microbial degradation of plant cell wall polysaccharides [21] [22] [23] . Like many other cellulolytic bacteria, C. cellulolyticum produces cellulosomes, which are highmolecular-mass protein complexes assembled from mostly extracellular enzymes 24, 25 . C. cellulolyticum ATCC 35319 genome harbours a large number of glycosylhydrolase genes, and its 'Cellulose Degradome' consists of a 'core' set of 48 CAZymes required for degrading cellulose-containing substrates and an 'accessory' set of 76 CAZymes required for specific noncellulose substrates 26 . These genes are widely distributed along the 4.1-Mb genome and found in numerous operons 27 . Thus, efficient cellulolysis should rely upon a global regulatory network that controls the structure and abundance of such a large array of transcripts. However, the nature of this regulatory mechanism remains not fully understood 26 .
Here employing C. cellulolyticum H10 ATCC 35319 as a model, we present the first global landscape of SRPS regulation in a Gram-positive bacterial genome. Genome-wide RNA start sites that include both TSs and post-transcriptional processed sites (PSs) of transcripts were mapped at single-nucleotide resolutions via a differential mRNA-sequencing approach (dRNA-Seq). The 120 PS-associated genes are preferably associated with subunits of heteromultimeric protein complexes, and the 72 intergenic PSs (iPSs) are enriched in operons exhibiting highly skewed transcript-abundance landscape. Stem-loop structures associated with such iPSs are frequently found at the 3 0 termini of highly transcribed genes, with their folding free energy negatively correlated with the transcript-level ratio between their flanking genes at a genome-wide manner. In the 12-gene cip-cel operon that encodes cellulosomal enzymes, in vivo and in vitro analyses of the primary and processed transcripts validated the predicted TSs and iPSs and unraveled a mechanism where a combination of five iPSs and four stem-loops precisely determine the stoichiometry of cellulosome in vivo. This mechanism is phylogenetically conserved and drives cellulosome evolution by specifying the structure and abundance of cellulosomal-subunit-encoding transcripts via varying the number, positioning and biophysical nature of TSs, iPSs and stem-loops. Our findings thus unveil a genome-wide, RNA-encoded mechanism linking sequences and in vivo stoichiometry of protein complexes, and have general implications in designing and engineering protein complex assembly.
Results

Genome-wide maps of TSs and PSs in C. cellulolyticum.
Mapping of TSs and PSs requires the ability to discriminate between primary and processed transcripts. In dRNA-Seq, a pair of differential cDNA libraries was sequenced, with the Hyb library selecting for all primary and secondary mRNA, whereas the Exo library selecting for only primary transcripts (Methods). Primary and processed transcripts are then distinguished by comparing results from the two libraries ( Fig. 1a and Supplementary Methods).
To maximize the coverage of transcripts sampled, C. cellulolyticum was cultivated under each of the three carbon sources of cellulose, cellobiose and glucose. The extracted total RNA was, respectively, treated by Hyb and Exo and then sequenced. A total of 73.2 million reads were uniquely mapped to the genome, representing combined coverage of 791X. After removing rRNA reads, from 73.5 to 87.8% of the reads were mapped to coding sequence (CDS), and the remaining were either upstream of CDS (thus putatively identifying a 5 0 -untranslated region (5 0 -UTR)) or mapped to unannotated or potentially mis-annotated regions (Supplementary Table 1 ).
The transcript abundance (TA) of each gene under a particular condition was determined based on trimmed mean of M values (Supplementary Data 1). For each of the two treatments (Hyb and Exo) under each of the three carbon sources, correlation of the global TA among biological replicates was high (r 2 from 0.872 to 0.958; Supplementary Fig. 1 ), yet that between the Hyb and Exo treatments was much lower (r 2 from 0.771 to 0.869; Supplementary Fig. 1 ). This is due to the lower abundance of certain transcripts in Exo: for example, under cellulose, for 24% of genes the abundance under Exo is o50% of that under Hyb, while merely 12 or 10% of genes were found that way between the biological replicates under Exo or Hyb (Fig. 1b) (Fig. 1c) . The TSs were grouped into three categories based on genomic context ( Supplementary Fig. 2 ): (i) 663 gTSs (that is, 'gene' TSs), which are located upstream of a gene; (ii) 63 iTSs (that is, 'internal' TSs), which are positioned within a CDS; (iii) 41 nTSs (that is, 'non-coding' TSs), which are orphans with no annotated genes in proximity.
The identified primary transcriptional starting and posttranscriptional processing events were supported by the several known ones such as TS:492032 and PS:459217 (Supplementary  Data 2 and 3) , which, respectively, start the primary transcript of cellulosomal cellulase cel44O (ref. 28 ) and the processed transcript of 5S rRNA 19 . Transcriptional profiles of cel44O that harbour TS under all three substrates are towards a sawtooth-like profile and with an elevated and sharp 5 0 flank in Exo and Hyb, yet the processed transcripts of 5S rRNA-tRNA Asn were nearly completely digested in Exo (Fig. 1d) .
Operons with complex transcript-abundance ratio of genes. To probe the functional implication of PSs, the 110 protein-coding genes that are associated with PSs were examined for association with functional categories as defined by Cluster of Orthologous Groups 29 (COG; Supplementary Data 3). A broad spectrum of COGs was found (34 of the 110 were not assigned to any COGs), with these genes being enriched in COG categories such as U, C, F, N and J (Fig. 2a) Data 4) . Based on their physical positions relative to the coding regions in an operon, the PSs can be classified into three categories ( Fig. 2b and Supplementary Data 3): (i) cPSs ('coding PSs'; 59 in total), which are positioned internally within annotated CDS; (ii) uPSs ('UTR PSs'; 24), which are located at the 5 0 -UTR of operons; (iii) iPSs ('intergenic PSs'; 72), which are located at intergenic regions and can potentially guide cleavages that physically uncouple genes encoded on a polycistronic mRNA. Interestingly, operons with 'Complex' patterns (13.2% of them) are much more likely to harbour iPSs than those with the other patterns (2.7% of them in Down, 0.9% in Flat and 3.8% in Up). Thus, the iPSs (but not uPSs or cPSs) are specifically associated with complex operons (P valueo0.0001; hypergeometric test; Fig. 2c ).
Intriguingly, 69.4% of the iPSs are located either upstream or downstream of the 37 genes that exhibit the highest transcript level among all genes in their respective operons. Over two-third (26) of these 37 genes are located in the middle or 3 0 terminal of their respective operons (six examples shown in Fig. 3 and Supplementary Data 3) . Six of such genes were selected as template for preparation of Digoxigenin (DIG)-labelled probes for northern blot, which validated the existence of iPSs in the transcripts of these operons (Fig. 3a-f ). In each of the operon, a monocistronic transcript of the target gene in its corresponding size was respectively detected; in addition, other transcripts with sizes consistent with the location of PS were detected, supporting cleavage of the primary transcript into various transcripts harbouring the target gene at the PSs. Furthermore, the highest transcript level of the target gene was confirmed for each of the operon. For example, the Ccel_0265-0273 operon that encodes F-type ATPase is transcribed as a polycistronic RNA, but the third gene that encodes the c subunit of ATPase and harbours two iPS in its 5 0 and 3 0 terminals is of the highest transcript level (three-to five-folds of its flanking genes; Fig. 3a) . The observed ratio of transcript level is likely biologically significant as it is consistent with reported stoichiometry of the protein complex where the relative dose of the eight subunits (alpha, beta, gamma, delta, epsilon, a, b and c) is 3:3:1:1:1:1:2:10 (ref. 31) . Therefore, the iPSs are potentially implicated in the observed complex abundance ratio of processed transcripts within an operon.
Role of iPSs and their associated stem-loops. To probe the role of iPSs in processing of polycistronic mRNA, RNA secondary structure of PS-proximal sequences was compared with that of random intergenic sequences using Mfold 32 For 45.8% of the iPSs, a putative stem-loop structure (33 in total) was found within 100 bp from the iPS, with their DG ranging from À 6.6 to À 31.8 kcal mol À 1 ( Fig. 4c and Supplementary Data 3). Among the predicted stem-loops, 27 are associated with 3 0 iPSs, whereas only 6 are associated with 5 0 iPSs. This could explain the significantly lower average DG from 3 0 PS-proximal sequences than the 5 0 PS-proximal sequences. Sequence analysis suggested that majority of the 33 iPSs stemloops are likely not the classical rho-independent transcriptional terminators. First, only 5 of the 33 are followed by a run of U residues, which is a distinct feature of the rho-independent terminator 33 ; the majority (that is, 28 of the 33) do not carry the feature. Second, 7 of the 33 were predicted as potential rhoindependent terminators by TransTermHP 34 (including the two followed by a run of U residues); however, the genes downstream of each of these seven stem-loops in the same operon were still transcribed, which argues against their role as rho-independent terminators.
Intriguingly, the presence of such 3 0 PS-proximal stem-loops is strongly associated with the higher transcript level of their associated genes. For example, five genes that harbour 3 0 PS stemloops (Ccel_0267, rpsP, Ccel_0711, Ccel_1406 and dnaK; Fig. 4d ) each exhibited the highest transcript level among all genes in their respective operons (Fig. 3) . Moreover, the transcript-abundance ratios between processed transcripts harbouring 3 0 iPS stem-loops and their 3 0 iPS flanking transcripts were negatively correlated with DG of the stem-loops involved (r ¼ 0.44; Fig. 4c ). Altogether, these observations suggested that main protection for the processed transcripts is due to their 3 0 end, in that higher stability of stem-loops as determined by the 3 0 end sequence would promote higher abundance of the associated processed transcripts. Thus, these stem-loops are potentially the mechanistic link between iPSs and the observed complex ratio of processed transcripts derived from an operon.
Regulation of cellulosome stoichiometry. The cip-cel cluster was employed as a model to probe the physiological role of such mechanisms underlying the differential transcript level intraoperon. It harbours 12 genes that encode the major cellulosomal subunits 35 : the scaffoldin (Ccel_0728), 4 CAZymes (Ccel_0729-0732), an unknown protein (Ccel_0733) and then another 6 CAZymes (Ccel_0734-0740; Fig. 5a ). The mRNA-Seq data revealed that under all the three carbon sources tested these 12 genes exhibit highly skewed TA (a ratio of 100:110. (f) Ccel_1800-1794, which encodes proteins related to molecular chaperone function. The northern blotting results were shown next to the profiles. Location and direction of the iPSs were indicated by pennants. Black block arrows specified those genes that were selected as templates for designing northern blotting probes. Roman numerals beneath the operon indicated the transcripts with the expected length as derived from dRNA-Seq, whose corresponding bands were highlighted on the gel images of northern blotting.
scaffoldin CipC), second (the Cel48F-encoding Ccel_0729, an exoglucanase of GH48) and fifth (the Cel9E-encoding Ccel_0732, an endoglucanase of GH9) genes were far higher than (45 times of) the other genes in the cluster (these results were validated by quantitative PCR (qPCR); Fig. 5b ). Interestingly, this ratio is independent of the carbon sources, as demonstrated by the high correlation among the ratios measured under cellulose, cellobiose and glucose (r 2 ranged from 0.868-0.989; Supplementary Table 2 ). Such a highly skewed transcript ratio in the cip-cel cluster has functional implications, as it was correlated with the relative abundance of the encoded proteins (r 2 ¼ 0.560; Supplementary Fig. 3 ) and was consistent with observation that CipC, Cel48F and Cel9E are the most abundant proteins in purified C. cellulolyticum cellulosome 23, 26, 36 . Therefore, a mechanism that regulates the stoichiometry of cellulosome should be present. Our mRNA-Seq data revealed that all genes in the cip-cel cluster were transcriptionally linked, suggesting formulation of the cluster as a single operon (Fig. 5c) . The TS map revealed that the cluster only harboured one TS located 643 bases upstream from the ATG codon of the first gene (cipC) and included no TSs in the other intergenic regions of the cluster (Fig. 5c and Supplementary Data 2). To verify this, promoter activity of all intergenic regions of the operon was evaluated using a fluorescent reporter system, where the 5 0 intergenic regions of cipC, cel48F, cel8C, cel9E and cel9J were, respectively, fused to the reporter gene fbfp and separately transformed into C. cellulolyticum for measurement of fluorescence during mid-log phase of growth on cellobiose. None of the intergenic regions exhibit promoter activity except for the 5 0 intergenic region of cipC (Fig. 5d) , confirming that the cip-cel operon was transcribed by the single promoter located upstream of the 5 0 end of cipC. To rule out the presence of within-CDS promoters, two genes (cipC and orfX), which are, respectively, the first gene of the highly transcribed front half (cipC-cel9E) and the poorly transcribed rear half (orfX-Cel5N) of the cip-cel cluster, were each disrupted by intron. In the two mutants H10DcipC and H10DorfX, the genes downstream of mutations in the cluster were not transcribed, but the control gene Ccel_0750 was (Fig. 5e) . Moreover, none of the transcripts of cip-cel genes was 0 iPS associated stem-loop structures that are, respectively, located at the 3 0 end of Ccel_0267, rpsP, Ccel_0711, Ccel_1406 and dnaK. These structures are found in the operons shown in Fig. 3 . detected in the H10DcipC strain, consistent with previous observations that a mutant with insertion mutation of cipC failed to express any of the cip-cel enzymes 37, 38 . Thus, the 12-gene cluster is a single transcriptional unit. Together, these results ruled out contribution of any TSs to the highly skewed transcript landscape in the cip-cel cluster.
On the other hand, dRNA-Seq suggested that the primary cip-cel transcript harbours at least five PSs: one uPS (upstream of cipC) and four iPSs (between cipC and cel48F, cel48F and cel8C, cel9G and cel9E, cel9E and orfX, respectively; Fig. 5c and Supplementary Data 3). Northern blotting with probes, respectively, targeting cipC, cel48F and cel9E revealed that (Fig. 5f) , besides the monocistronic transcripts of cipC (4.9 kb), cel48F (2.3 kb) and cel9E (2.8 kb), polycistronic transcripts of approximately 7.6, 8.7 and 14 kb were detected, agreeing with the expected sizes of the cipC-cel48F, cel48F-cel9E and cipC-cel9E portions of the operon (Fig. 5f) . Interestingly, one stem-loop was located downstream of each of cipC, cel48F, cel9G and cel9E ( Supplementary Fig. 4a ), which might underlie their much higher TA than their flanking genes (which are free of stem-loops).
To probe this hypothesis, an experiment testing in vivo role of the stem-loops was designed, where three 92-to 231-bp-long genomic segments each located in one of the three regions below were amplified: (i) 5 0 -UTR region of cipC (UTR cipC , including a secondary structure with DG of À 22.2 kcal mol À 1 and uPS 838189; 231 bp), (ii) intergenic region between cipC and cel48F (IR cipC-celF , including a stem-loop with DG of À 24.3 kcal mol À 1 and iPS 842939; 116 bp) and (iii) intergenic region between cel9G and cel9E (IR celG-celE , including a stem-loop with DG of À 14.1 kcal mol À 1 and iPS 849042; 92 bp). Each of the three segments was then, respectively, inserted between the reporter genes fbfp (encoding a green fluorescence protein) and mcherry (encoding a red fluorescence protein; Fig. 6a ). The resulted artificial operons (or the control, where no segments were inserted) were then separately introduced into C. cellulolyticum.
In northern blotting, two probes were designed to detect transcripts that, respectively, harbour fbfp and mcherry. Only a single 1.2-kb band from the control (which harbours no PSs) was detected by both probes (Fig. 6b) , consistent with the expected size of bicistronic transcript of fbfp-mcherry. In addition to the full-size band of the biocistronic transcript, monocistronic transcripts of fbfp and mcherry with their predicted sizes were also detected in each of the three artificial operons that carry PS sequences (Fig. 6b) , suggesting occurrence and positions of the RNA processing as predicted. Thus, the predicted PSs in each of the three segments were functional. ARTICLE Moreover, qPCR revealed that the relative TA of fbfp was 66% lower than that of mcherry for IR celG-celE (P valueo0.0001; Student's t-test), but not for UTR cipC and IR cipC-celF (Fig. 6c) . This was consistent with the observation in the cip-cel operon in vivo (Fig. 5c) . Thus, the secondary structures promoted the abundance of processed transcripts, presumably by protecting the transcripts from RNase digestion.
Furthermore, as quantified via the fluorescence signals, protein abundance of fbfp was significantly lower than that of mcherry for IR celG-celE (P valueo0.01; Student's t-test), but not for UTR cipC and IR cipC-celF (Fig. 6d) . Thus, for the regulated genes, relative abundance of proteins was consistent with that of transcripts, suggesting biological implication of the post-transcriptional regulation.
Interestingly, at both transcript and protein level, two observations were apparent. First, the TAs of fbfp which harbours a free 3 0 end are distinct among the three strains, however, that of mcherry, which harbours a free 5 0 end remained unchanged (relative to that in the control), suggesting that the introduced sequences impact transcript level of their upstream gene but not their downstream gene. Second, level of the fbfp transcripts was correlated with DG of stem-loops (r 2 ¼ 0.887), with the relative TA of fbfp increasing from 0.39 to 1.18, whereas the DG decreasing from À 14.1 to À 24.3 (Fig. 6c) . Together, the evidence suggested that the stem-loops can control abundance of the processed transcript of its upstream gene, that is, cipC and cel9G.
These findings, together with inter-operon regulation that we previously revealed for the 148 CAZymes in C. cellulolyticum 26 , allowed us to propose a post-transcriptional regulatory model for cellulosomal loci (Fig. 7) . Under the control of Carbon Catabolite Repression, the cip-cel operon is transcribed by its sole promoter into the primary cip-cel mRNA 26 . Cleavage signals located in the intergenic regions are specifically recognized by endonucleases (such as RNase E or RNase Y) 39 , resulting in cleavage of the primary transcript into at least six secondary transcripts. Stability of these secondary transcripts varied widely due to their distinct terminal sequences that convey resistance to exonuclease degradation (such as PNRase, RNase II or RNase R), with the DG of stem-loop structure located at the ends of processed The cip-cel operon is transcribed by its sole promoter and the primary transcript is cleaved into several secondary transcripts by endonucleases as defined by iPSs. However, stability of these secondary transcripts against exonuclease degradation varied due to their distinct terminal structure. The resulted distinction in transcript level among the genes result in the observation of a 'complex' type operon and eventually lead to the proper composition and ratio of cellulosome subunits in C. cellulolyticum.
transcripts (such as cipC, cel48F, cel9G and cel9E) quantitatively determining the observed TA. This model explains the highly skewed ratio of TA among the cip-cel genes, which eventually results in the proper protein recipe (that is, profile and ratio of subunits) of cellulosomes.
A mechanism for cellulosome evolution in Clostridium spp. Cip-cel-like clusters were also present in another six mesophilic Clostridium spp.: C. papyrosolvens, C. sp. BNL1100, C. josui, C. termitidis, C. acetobutylicum and C. cellulovorans (Fig. 8a) . These clusters are orthologous 35 , because of similarity in structure, functional correlation of encoded proteins, orthology among most of the genes and correlation between operon organization and organismal phylogeny (Fig. 8a) . Intriguingly, orthologous stem-loops were found in the intergenic regions of these cellulosomal clusters (Fig. 8b and Supplementary Data 6). First, comparison of the profile and organization of stem-loops suggested the presence of at least eight orthologous stem-loops among the six Clostridium spp. (other than C. cellulovorans). Thus, the six clusters that harbour these orthologous stem-loops are likely controlled by SRPS, but the C. cellulovorans cluster. Consistent with this, genes in the C. cellulovorans cellulosomal cluster were found transcriptionally controlled by multiple internal promoters (for example, for the first, fifth and seventh genes, respectively) 40 .
Second, C. acetobutylicum features a cellulosomal cluster whose structure and sequence of the stem-loops are more similar to C. cellulolyticum than to C. cellulovorans (despite its closer phylogenetic relationship with the later; Fig. 8b,c) , suggesting that the C. acetobutylicum cluster is likely regulated by the SRPS mechanism.. In addition to the terminator located at its 3 0 terminal, the C. acetobutylicum cluster harbours merely two stemloops (the lowest number among the six clusters), which are SL-1 and SL-4 orthologues and are located at 3 0 terminal of the first gene (cipA) and the third gene (cel5B), respectively (Fig. 8b) . These two C. acetobutylicum stem-loops are of the highest DG and thus the least stable among their orthologues (Fig. 8c) . Moreover, in each of the other C. cellulolyticum-type clusters, two additional stem-loops were found in 3 0 terminal of the GH48 and GH9 family genes (for example, cel48F and cel9E in C. cellulolyticum, which as representatives of GH48 and GH9 family cellulases are the most important in hydrolysis of crystalline cellulose 41 ). Consequentially, the transcripts of cel48F and cel9E are protected, resulting in the highest transcript and protein level among the cip-cel genes in C. cellulolyticum. Thus, the C. acetobutylicum cluster appears to represent a primitive or dysfunctional stage of SRPS, which lacks the two key stem-loops for protection of cel48F and cel9E transcripts. This may potentially explain why this bacterium reknown for the Acetone Butanol Ethanol fermentation process is not cellulolytic, despite possession and expression of the cellulosomal cluster 42 .
Third, the stem-loops of cellulosomal loci have also been dynamic during evolution. With the intergenic sequence grew, new stem-loop structures emerged and eventually created the characteristic operon configuration that underlies SRPS. For example, the number of stem-loop grew from two (in C. acetobutylicum) to eight (in C. papyrosolvens and C. sp. BNL1100; Fig. 8b ), whereas structure of the stem-loops became increasingly compact (that is, with fewer bulges and smaller loops; Fig. 8c) , with several (for example, SL-1 and SL-6) undergoing gradual elevation in DG while others (for example., SL-3 or SL-5) experiencing reduction in DG (Fig. 8b) . Therefore, SRPSs, guided by gain/loss of stem-loops and elevation/reduction of their stability, have driven the evolution of cellulosomes in Clostridium spp.
Discussion
Probing the mechanisms responsible for RNA processing has been challenging, mainly due to the rapid decay of most bacterial mRNAs 43 . Although several studies measuring mRNA half-lives using microarray were reported [44] [45] [46] , genome-wide mapping of RNA-processed sites for bacteria have not been well established. Thus, this first genome-wide TS and PS map in Gram-positive bacteria provides a framework for analysing RNA processing or delay both genome-wide and at individual loci.
Our genome-wide profiling of SPRS in the Gram-positive C. cellulolyticum revealed certain global features shared with that in Gram-negative bacteria. First, the PSs in C. cellulolyticum were assigned into over 120 gene transcripts from a wide spectrum of functional categories, similar to the global impact of endoribonuclease RNase E in E. coli and RNase Y in B. subtilis on mRNA turnover. Second, SRPS-controlling operons in C. cellulolyticum mostly encode protein complexes, which is consistent with the individually reported cases in Gram-negative bacteria [5] [6] [7] 11 . Orthologues of several SRPS-regulated operons in E. coli such as the papA-I and unc operons were also found under such regulation in C. cellulolyticum. Third, in C. cellulolyticum, stemloop structures were found near the majority of 3 0 iPSs but not 5 0 iPSs, which appears consistent with the presence of only 3 0 to 5 0 (but not 5 0 to 3 0 ) exoribonuclease activity in E. coli. However, although SRPS appears to be a conserved global regulatory mechanism, Gram-positive and Gram-negative bacteria appear to employ distinct molecular machineries for SRPS, that is, the endoribonucleases (for example, RNase E in E. coli; RNase Y and J in B. subtilis) and the exoribonucleases (for example, 3 0 to 5 0 exoribonucleases in E. coli; both 3 0 to 5 0 and 5 0 to 3 0 exoribonucleases in B. subtilis). C. cellulolyticum harbours the typical Gram-positive ribonuclease genes Ccel_0605 and Ccel_1772, which are predicted to encode RNase Y and J, respectively, based on protein sequence homology. However, homologues of RNase Y and J are absent in E. coli 19 .
Our work suggests that the differential transcription of genes in SRPS-controlled operons is underlain by the secondary structures at the termini of processed transcripts. Although protection of RNA by stem-loop structures from exoribonucleases was reported for individual genes 14, 47 , it was unclear whether and how the profile, position and nature of such genomic elements regulate transcriptome structure and function. Here we showed that the stem-loops are a whole-genome mechanism regulating the TA of genes encoded on polycistronic mRNA, and moreover, the degree of protection is correlated with DG of stem-loops located at their termini on a genome-wide scale. The DG of RNA secondary structures located at 3 0 termini of processed transcripts was lower than those at 5 0 termini, suggesting stronger protection of the 3 0 termini. This bias of 3 0 -end protection might be linked to the observation that both 3 0 to 5 0 exoribonucleases (PNPase and RNase R 19 , encoded by Ccel_1707 and Ccel_2247, respectively) and 5 0 to 3 0 exoribonucleases (RNase J 48 , encoded by Ccel_1772) were present in C. cellulolyticum, where the former exhibit at least 70% higher transcript level than RNase J (Supplementary Data 1) .
However, not all processed transcripts are associated with stemloops; in particular, certain high-abundance processed transcripts are free of stem-loops, suggesting presence of certain trans-acting factors (for example, Hfq 49 and sRNAs 50 ) that block RNase action.
Although processing of the cip-cel transcript was proposed previously employing northern blot and primer extension 51 , the existence of internal promoters cannot be excluded because of the inability to distinguish between TS and PS. Here we revealed that SRPS mechanism is a layer of transcriptional regulation for cip-cel operon that precisely determines the organism-specific recipe of cellulosomes. The other large cellulosomal cluster in C. cellulolyticum, called xyl-doc (Ccel_1229-1242; encoding 14 cellulosomal hemicellulases) and not transcribed under the culture conditions tested, is predicted to be regulated in a similar manner, as it is transcribed as a single operon 52 and harbours five stem-loop structures in its intergenic regions (Supplementary Fig. 4b ). These findings, together with our previously reported 'Cellulosome Degradome' of C. cellulolyticum 26 , allow us to propose a two-tiered mechanism for the global regulation of cellulolysis. Tier I, which consists of Carbon Catabolite Repression (mainly targeting cellulosedegrading enzymes) and two-component systems (primarily for hemicellulases), operates at the inter-operon level and controls differential transcription among cellulolytic operons 26 . Tier II, enabled by SRPS, functions at the intra-operon level and regulates the relative abundance of core cellulosomal subunits encoded within individual operons. Under the carbon substrates tested in this study, Tier I appears to underlie the 'transience' (that is, being substrate-specific) of the cellulosome as a complex, as suggested by the sensitivity of transcription of Tier I genes to changes in carbon substrates 26 . On the other hand, Tier II might underlie the 'permanency' (that is, being substrate-independent, yet organism-specific) of the cellulosome, as the operon organization and the substrate-independent transcript ratio of the intra-operon genes precisely determine the relative amount of the core cellulosomal subunits encoded by the cip-cel cluster. Therefore, the genome-wide recipe of the Cellulose Degradome is hierarchically regulated: mobilization of a particular cellulolytic module is sensitive to specific carbon substrates at the transcriptional level, yet composition and stoichiometry within a module are precisely determined at the post-transcriptional level. The resulted recipes of cellulosomes are likely organismspecific and crucial to the respective strategy of adaptation and competition in individual cellulolytic microbes, as cellulose is frequently the only carbon sources available to them.
RNA processing was thought to be sensitive to a particular nutrient environment. Certain ligands can bind to the folding structure of 5 0 leader of mRNA (known as riboswitch) to induce or inhibit RNA processing, such as the induction of the trp operon by tryptophan 53 and the inhibition of thrS by threonine 54 in B. subtilis. However, RNA processing of cip-cel appears to be independent from the various carbon sources tested and instead directed by intrinsic, genome-encoded signals (that is, the intergenic stem-loops). Such a distinct regulatory manner can also benefit the organism, as for many protein complexes optimal functioning in vivo would require a recipe that is relatively inert to environment changes.
The conservation and species-specificity of PS and stem-loops on the various cellulosome-producing Clostridium spp. genomes suggested evolution of cellulosome (and likely a much broader spectrum of protein complexes) is shaped by the number, position and nature of such genomic elements. During evolution of operons, this RNA-mediated mechanism might run in parallel or be linked to variation of diversity, origin or copy number of protein-coding genes, such as the numerous glycosyl hydrolase genes in polysaccharide-degrading loci of both Gram-positive (for example, Clostridium spp. 25 ) and Gram-negative bacteria (for example, Bacteroides spp. 55 ). This previously unknown driving force, further powered by combinatorial employment of these regulatory elements (such as that witnessed in cip-cel), should have helped creating the diversity and specialization of protein machineries in Clostridium spp. and other life-forms on our planet.
On the other hand, the association of iPSs with 120 C. cellulolyticum genes, which are from a wide spectrum of functional categories points to a general strategy to specify the stoichiometry of protein complexes and functionally related proteins in vivo. The key regulators discovered here, such as the stem-loops whose strength of promoting transcript-abundance is encoded by the primary sequence alone, suggest a succinct, efficient and readily adoptable approach to specify and tune the relative TA of genes within a single operon. Thus, they might find applications in design and engineering of protein-machineries, both in vitro and in vivo.
Methods
Strains and culture conditions. C. cellulolyticum ATCC35319 (H10) was cultured anaerobically in 250 ml flasks with 100 ml working volume of DCB-1 medium at 35°C. The carbon substrates of 3.0 g l À 1 glucose, 3.0 g l À 1 cellobiose or 5 g l À 1 cellulose were used in replicated cultures. A 1% (v/v) culture pre-adapted on various substrates in vials was used for inoculation.
Pairs of Hyb and Exo libraries.
Mapping of TSs and PSs requires the ability to discriminate between primary and processed transcripts 56 . The dRNA-Seq approach accomplishes the discrimination by sequencing pairs of differential cDNA libraries: one library (denoted Hyb) from all primary and secondary mRNA (enriched using a subtractive hybridization), and the other (denoted Exo) selecting for only primary transcripts (by terminator exonuclease treatment that degrades 5 0 P but not 5 0 PPP RNA) 56 . The primary and processed transcripts are distinguished by comparison between results from the two methods, as a transcript that has undergone processing would be characterized by a much lower level of transcript under Exo than under Hyb, whereas a transcript without undergoing processing would feature equivalent transcript level between the two libraries. In addition, locations of the start of a primary transcript are indicated by an elevated and sharp 5 0 flank under both Exo and Hyb, whereas the post-transcriptional processed sites are indicated by an elevated and sharp 5 0 flank under Hyb yet a much lower transcript level in the downstream flanking regions under Exo.
Total RNA was isolated from C. cellulolyticum cultures harvested at the mid-log phase using RNeasy Mini Kit (Qiagen). Genomic DNA was removed by RNaseFree DNase Set (Qiagen). RNA quality was determined using Bioanalyser (Agilent) and quantified using ND-2000 (NanoDrop Technologies).
Two strategies were employed for purification of mRNA from total RNA. (i) The Hyb strategy removed 16S and 23S rRNA from total RNA using MicrobExpress Bacterial mRNA Purification kit (Ambion) according to the manufacturer's protocol with the exception that no more than 5 mg total RNA was treated per enrichment reaction. (ii) The other Exo strategy depleted the rRNA in total RNA via treatment with Terminator 5 0 -phosphate-dependent exonuclease (Epicentre) for 60 min at 30°C. One unit of Terminator 5 0 -phosphate-dependent exonuclease per 1 mg total RNA was used. Following organic extraction (25:24:1 (v/ v) phenol/chloroform/isoamyalcohol), the enriched mRNA was precipitated overnight with 2.5 volumes of an mixture of ethanol and 0.1 M sodium acetate (pH 6.5).
Depletion of 16S and 23S rRNA was confirmed by 2100 Bioanalzyer (Agilent) and gel electrophoresis before preparation of cDNA fragment libraries. RNA was reversely transcribed using random primers (Invitrogen) and Superscript III (Invitrogen). The resulted cDNA libraries were sequenced with 2 Â 100-bp paired-end runs using Illumina HiSeq 2000 sequencer.
Mapping reads to the genome. A customized computational pipeline was developed. It starts with a quality control step that removed low-quality bases located at the end of each read. Then high-quality sequencing reads were mapped to the C. cellulolyticum genome (GenBank: NC_011898) with SOAP 57 (the mismatch number parameter (-v) as 2); reads that did not align uniquely to the genome or were mapped to rRNA were discarded. The transcript level of an annotated gene was quantified based on trimmed mean of M values via the software edgeR 58 .
Annotation of TSs and PSs. The genome-wide TS and PS maps for C. cellulolyticum were annotated based on differential enrichment of reads in RNA ends (ESs) in Exo versus Hyb libraries in two biological replicates under each of the three culture conditions of glucose, cellobiose and cellulose. The annotation procedure mainly includes four steps: (i) determination of reads-start windows on the genome; (ii) identification of ES windows from all reads-start windows, (iii) calculation of the number of reads that start within a given ES window from the paired Exo and Hyb libraries, respectively; (iv) distinguishing TSs and PSs from the ESs, based on differential enrichment of reads in the ES windows from an Exo library as compared with from its paired Hyb library; (v) producing the final lists of TSs and PSs. These steps were detailed in Supplementary Methods.
Annotation of operons and their polarity. The operons were manually annotated by combining information from four sources: (i) the regions with a continuous coverage of mapped reads; (ii) the structural integrity of polycistronic mRNA as indicated by paired-end reads; (iii) the 686 putative C. cellulolyticum operons as predicted by DOOR 30 and (iv) the TS map.
The polarity of each operon was analysed by comparing the TA of consecutive genes within the operon, which classified the operons into four patterns. Functional enrichment analysis. The statistical significance of enrichment of each PS category (iPS, cPS or uPS) in the four types of operon patterns (Down, Flat, Up and Complex types of operons) was calculated as follows: for example, let 'N' be the total number of operons harbouring PSs, 'n' be the number of iPS-harbouring operons, 'M' be the total number of PS-harbouring operons assigned to a operon pattern (such as 'complex') and 'm' be the number of iPS-harbouring operons assigned to this operon pattern. The P-value was estimated for enrichment of iPS harbouring operon in a operon pattern based on the hypergeometric test:
in which C(x,y) is the combinational number of choosing y items out of x items. Enrichment of COG-slim terms with P valuer0.05 was considered as statistically significant.
RNA secondary structure prediction. Sequences of 100-nt long that are neighbouring PSs or non-PS intergenic region (as the control) were used for the prediction of RNA secondary structure. For a given PS, the flanking sequence of the PS was extracted, which included the 49 nt region upstream of the PS and the 50 nt region downstream of the PS. As the control sequences, non-PS intergenic region within PS-harbouring operons were extracted. For a given non-PS intergenic region, if its original length is lower than 100 nt, the sequence was extended to 100 nt in length, with 50 nt flanking the centre position of the sequence at each of the two ends; if its original length is over 100 nt, then only 100 nt of the sequence was kept, with 50 nt flanking the centre position of the sequence at each of the two ends. As any structure of transcript termini, irrespective of its shape, might potentially protect the RNA from degradation 16 , the full RNA secondary structure of the sequences as defined above was computed using Mfold with default parameters 32 . The minimum of folding free energy (DG) of the sequences was used for further statistical analysis that compared the values and distribution of DG between the two types of sequences as defined above. Furthermore, to probe the potential role of stem-loops specifically, single-stem-loop structures of those sequences associated with iPSs were also predicted and visualized using Mfold, which were allowed to harbour no more than five mispairs within three places and were required to have DG that were lower than À 5.
Northern blot hybridization. Two micrograms of total RNA were isolated from bacterial cultures on cellobiose. The sample was analysed via electrophoreses on 1% agarose-formaldehyde gel and blotted onto a positively charged nylon membrane (Roche) using NorthernMax kit (Life Technologies). DIG-labelled DNA probes for the detection of specific transcripts were generated with a DIG labelling and detection kit (Roche) as described by the manufacturer's instructions using the oligonucleotides listed in Supplementary Data 7.
Master (Roche) and the results normalized via abundance of 16S rRNA. The primer sets for qRT-PCR were listed in Supplementary Data 7.
Functional analysis of iPSs and stem-loops. Intergenic regions from the cip-cel operon were amplified, respectively, by PCR using synthetic oligonucleotide primers (listed in Supplementary Data 7) . To probe their promoter activity, the PCR products of various intergenic regions were digested with PstI and MluI. The digested fragments, respectively, inserted into the C. cellulolyticum-E. coli shuttle vector pMTC6, which harbours a reporter gene fbfp (encoding a green fluorescence protein) coupled to the pthl promoter (thiolase gene promoter from C. acetobutylicum) 59 , resulting in the substitution of the original pthl promoter by the various intergenic regions from the cip-cel operon.
To probe the functional role of the stem-loop structure harboured by the intergenic regions from the cip-cel operon, a dual fluorescence reporter system was constructed by inserting the gene mcherry (encoding a red fluorescence protein) after fbfp gene in pMTC6 using EcoRI and BamHI. In the resulted plasmid, the green-fluorescence-encoding fbfp and the red-fluorescence-encoding mcherry were expressed in a single operon, with a BglII restriction site between the two genes for introduction of a stem-loop harbouring intergenic region (Fig. 6a) .
The recombinant plasmids were methylated in vitro with MspI methyltransferase before electro-transformation of C. cellulolyticum 60 . The promoter activity of intergenic regions was determined via fluorescence intensity of FbFP expressed in C. cellulolyticum transformants as compared with the control. The degree of protection of stem-loop structure conveyed to the transcript of the neighbouring genes (in this case, the downstream gene) was quantified by comparing the fluorescence intensity of FbFP and mCherry. The averages of three biological replicates were shown.
Analysis of mutant strains. Plasmids for targeted disruption of C. cellulolyticum genes were constructed from Targetron plasmid pSY6 (ref. 61) . Targeting sites for disruption and the intron retargeting primers were designed with tools on http:// clostron.com/ (Supplementary Data 7) 62 . The 353-bp intron targeting regions were prepared by overlap extension (SOE) PCR method using above primers and then inserted into pSY6 for targeted disruption of two genes in the cip-cel operon: cipC (mutant strain designated as DcipC) and orfX (DorfX). The recombinant plasmids were methylated and transformed into C. cellulolyticum. The mutants were validated by colony PCRs (Supplementary Data 7) . Positive colonies were inoculated into fresh medium supplemented with erythromycin. Transcript level of genes in the cip-cel cluster (Ccel_0728-0740) in mutants grown on cellobiose and cellulose was determined by qRT-PCR as described. The wild-type strain was used as a control in all experiments.
Phylogenetic analysis of cellulosomal loci in Clostridia. Cellulosome clusters from these six additional Clostridia species (C. papyrosolvens, C. sp. BNL1100, C. josui, C. termitidis, C. acetobutylicum and C. cellulovorans) were identified by BLAST with e-value cutoff of 1e-5, using the cip-cel operon from C. cellulolyticum as query. Organismal phylogeny of these seven species was derived via Maximum Likelihood methods using 16S rRNA sequences. All positions containing gaps and missing data were eliminated, which resulted in a total of 1,382 positions in the final multiple-sequence alignment. Phylogenetic analyses of the Clostridium spp. were conducted in MEGA5 (ref. 63) .
